In order to tackle with the problems surrounding the environment, the aged society and the individual mobility right, the new type of vehicle which is compact and convenient is expected to be developed. The authors have been investigated such a vehicle called Personal Mobility Vehicle (PMV), which is friendly for human and the environment. We proposed the vehicle that has two modes; the bicycle mode and the parallel two-wheel mode as a PMV. In this paper, we focus on the parallel two-wheel mode. Here, we proposed the two-wheeled inverted pendulum vehicle moved by human pedaling. The basic mechanism of this new vehicle consists of system of the stabilization control for and inverted pendulum and the pedaling torque by a human. This system has following benefits. It realizes the longer usage of battery than the conventional one thanks to the human power. It is a healthy vehicle due to the pedaling and the seating style makes the driver longer travel than standing. From the academic point of view, it is very important to investigate the interaction with the control of two-wheeled inverted pendulum vehicle and the human motion.
In order to tackle with the problems surrounding the environment, the aged society and the individual mobility right, the new type of vehicle which is compact and convenient is expected to be developed. The authors have been investigated such a vehicle called Personal Mobility Vehicle (PMV), which is friendly for human and the environment. We proposed the vehicle that has two modes; the bicycle mode and the parallel two-wheel mode as a PMV. In this paper, we focus on the parallel two-wheel mode. Here, we proposed the two-wheeled inverted pendulum vehicle moved by human pedaling. The basic mechanism of this new vehicle consists of system of the stabilization control for and inverted pendulum and the pedaling torque by a human. This system has following benefits. It realizes the longer usage of battery than the conventional one thanks to the human power. It is a healthy vehicle due to the pedaling and the seating style makes the driver longer travel than standing. From the academic point of view, it is very important to investigate the interaction with the control of two-wheeled inverted pendulum vehicle and the human motion.
We analyzed the two types of the drive system. One is the mechanical drive system and the other is the electric drive system. The mechanical drive system has the chains between the gear at the pedal and the gears at the wheels. The in-wheel motors are used for the stabilization. As for the electric drive system, the electric generator generates electricity by pedaling and the produced energy is stored by the battery. The in-wheel motors are rotated by the electricity comes from the battery.
In the numerical simulation, the vehicle is stabilized by an optimal controller. The influence of the constant pedaling torque and variable one on the stabilization control were compared. It was shown that the variable pedaling torque became the disturbance to the inverted pendulum vehicle and the torque for the stabilization would be necessary according to the disturbance. Therefore, it is found that the electric drive system which drives the in-wheel motors by the less varying torque command from the battery is more effective than the mechanical drive system that directly convey the human power to the wheels. Finally, we confirmed the basic motion of the proposed vehicle by using the prototype vehicle. The vehicle was successfully stabilized by the controller and moved by the human pedaling. It is confirmed that the vehicle can move forward with keeping its posture inverted position.
ABSTRACT
In order to tackle with the problems surrounding the environment, the aged society and the individual mobility right, the new type of vehicle which is compact and convenient is expected to be developed. The authors have been investigated such a vehicle called Personal Mobility Vehicle (PMV), which is friendly for human and the environment. In this paper, we proposed the two-wheeled inverted pendulum vehicle moved by human pedaling. The basic mechanism of this new vehicle consists of the system of the stabilization control for inverted pendulum and the pedaling torque by a human. This system has following benefits. It realizes the longer usage of battery than the conventional one thanks to the human power. It is a healthy vehicle due to the pedaling and the seating style makes the driver longer travel than standing. From the academic point of view, it is very important to investigate the interaction with the control of the two-wheeled inverted pendulum vehicle and the human motion.
In the numerical simulation, the vehicle is stabilized by an optimal controller. The influence of the constant pedaling torque and variable one on the stabilization control were compared. It was shown that the variable pedaling torque became the disturbance to the inverted pendulum vehicle and the torque for the stabilization would be necessary according to the disturbance. Therefore, it is found that the electric drive system which drives the inwheel motors by the less varying torque command from the battery is more effective than the mechanical drive system that directly convey the human power to the wheels. Finally, we confirmed the basic motion of the proposed vehicle by using the prototype vehicle. The vehicle was successfully stabilized by the controller and moved by the human pedaling
INTRODUCTION
For the sustainable development, it has been required that the walking spaces, which is an important part of our life and the mobility in cities should be friendly for us human and the environment [1] . As a new method to achieve the requirement, the innovation of the Personal Mobility Vehicle (PMV) which is compact and convenient has been got attention. PMV is a mobility tool that can be used as an extension of walking. It is expected to be developed as a new mobility for the improvement of smoother public transportation in a city [2] and a new mobility choice for elderly people, children etc. who are not be able to drive cars. Considering the global warming and the aged society which are the social problems we are facing, the creation of the new mobility method by introducing PMV can be a lead to the solution of the present problems by reconstructing the relationship among mobility, human and cities.
We proposed the vehicle that has two modes; the bicycle mode and the parallel two-wheel mode as a PMV [3] [4] . Figure 1 show the mock-up of the proposed PMV, (a) is the bicycle mode and (b) is the parallel two-wheel mode, respectively. By folding the frame, it is transformed to the each mode. The bicycle mode is expected to be used for middle-distance travel at a middle velocity. In order to achieve the efficient travel by combining the human power and the electric power, the electric generator generates electricity by pedaling and the generated electricity is stored in the battery. Using the generated electricity, the front and rear wheels are driven by the independent motors. It realizes the drive-by-wire system by abolishing a chain. The front and the rear steers are also controlled by steer-bywire system by abolishing a conventional steer axis. The introduction of the by-wire systems increases the flexibility of the folding mechanism and it enables the vehicle to be compact structures. On the other hand, the parallel twowheel mode, which is expected to be used for shortdistance travel at low velocity, can be made by folding the main frame of the bicycle mode and steering the wheels for 90 degrees. The wheels are independently driven and it is controlled by the theory of the stabilization for an inverted pendulum. A driver stands on the step and controls by the movement of the gravity center.
In this research, we focus on the parallel-two wheel mode and propose the new driving system that combines the human power and the electric power. Figure 2 shows the sketch of the two-wheeled inverted pendulum vehicle moved by human pedaling. The conventional parallel-two wheeled vehicle travels by the driving power from the motors, however, the proposed vehicle is added the mechanism that allows the wheels to be driven by human pedaling so that it cooperates with human power. Figure 3 shows the prototype vehicle. In this paper, as the mechanism of the two-wheeled inverted pendulum vehicle moved by human pedaling, the mechanical driving and electric driving system is investigated. 
TWO-WHEELED INVERTED PENDULUM VEHICLE MOVED BY HUMAN PEDALING

Benefits of two-wheeled inverted pendulum vehicle moved by human pedaling
The basic concept of the two-wheeled inverted pendulum vehicle moved by human pedaling consists of the stabilization control by the in-wheel motors and the driving power by a human. The two-wheeled inverted pendulum vehicle moved by human pedaling has the following benefits. Using the human power by pedaling for driving the vehicle makes the battery to be used for longer time. It is friendlier to the environment and energy saving compared with that of conventional inverted pendulum vehicle. Adding the pedal makes a human to exercise his/her foots and it is good for health. A driver sits on the saddle and it enables him/her to use the vehicle longer time than the stand-up ride type vehicle. The inverted pendulum vehicle with the pedal has good compatibility with the bicycle mode which we proposed. It is considered as the similar category of the conventional electric assist bicycle and has possibility to be used at public roads in Japan. Thus, the two-wheeled inverted pendulum vehicle with human pedaling is the vehicle that basically needs human power, so that it has the benefits in terms of the energy and health.
Mechanism of two-wheeled inverted pendulum vehicle moved by human pedaling
The basic mechanism of the two-wheeled inverted pendulum vehicle moved by human pedaling consists of the theory of the stabilization control for an inverted pendulum and the movement by the driving force from human pedaling. Figures 4 and 5 show the structures of the twowheeled inverted pendulum vehicle moved by human pedaling. Figure 4 shows the mechanical drive system and figure 5 shows the electric drive system.
At the mechanical drive system, the force of human pedaling is transmitted to the each wheel mechanically. Figure 4 shows the system that the force at the pedaling is transmitted to the right and left wheel through the chains, the sprockets and the shaft. The rotation rate of the right and left wheels is measured by the encoders and the stabilization control is done by outputting the control torque to the both wheels based on the information from the gyro sensor which measures the posture of the vehicle. In the mechanical drive system, the right and left motors are functioned as the motors for the stabilization control. At the electric drive system, the electricity is generated by the generator by human pedaling and it drives with the effective combination of the human power and the electricity. The electricity generated by the generator is stored at the battery. The power from the battery is supplied to the right and left driving motors and the wheels rotate. The energy from battery is used for driving or the regenerated energy is stored in the battery. In the electric drive system, the right and left motors are functioned as the driving and the stabilization control. Figure 6 and 7 show the block diagram for the driving mechanism of the mechanical drive system and the electric drive system, respectively. Figure 8 and 9 show the prototype vehicle of the mechanical and electric one, respectively. The frame of the 6 inch small wheel bicycle was used for the prototype vehicle. The step with two-wheels at its right and left has two motors and the width of the step is about the size of shoulder. The diameter of the wheel is 150 mm. For the safety in case of falling down, the casters are put to the frame. Figure 10 shows the block diagram of the whole control system of the two-wheeled inverted pendulum vehicle moved by human pedaling that divides the driving and the stabilization control. The wheel drive units include the wheels, the motors to rotate the wheels, the encoders and the gears. The human pedaling generates electricity at the generator and the electricity is supplied to the right and left drive units from the battery based on the electric signal. Then, the motors rotate, the wheels rotate and the vehicle moves. The posture angle and angle rate of the vehicle are measured by the gyro sensor, the rotation of the wheel is measured by the encoder and that signal is transmitted to the controller for the stabilization. Then, the torque command is transmitted to the wheel drive units and the motors are controlled. In the same way, the steering mechanism can be considered by using the mechanical steering system and electric one. For example, using the difference of the right and left wheel rotation, the steering of the wheels and the camber of the wheels can be the mechanism. In this paper, we don't consider the steering, we focus on the driving and stabilization control. Figure 11 shows the model of the two-wheeled inverted pendulum vehicle moved by human pedaling. It is the model that adding the pedal driving torque to the model of the inverted pendulum. The necessary torque for driving comes from the human pedaling and the torque required to the stabilization control comes from the motors. M is the mass of the wheel, m is the mass of the pendulum that includes the frame and the human, 2l is the length of the pendulum, J is the inertia moment of the pendulum, g is the gravity acceleration, r is the radius of the wheel, μ 0 is the rolling resistance coefficient, θ is the angle of the pendulum, x is the moving distance, τ u is the stabilization torque and τ h is the pedaling torque. Using Lagrangian, the equations of motion are obtained. Approximating it around the inverted position, the following equations are obtained.
SIMULATION
Modeling
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Controller design
The stability of the inverted pendulum vehicle that is added the human driving torque is investigated. Figure 12 shows the block diagram of the system. G(s) is the control object, K(s) is the feedback gain and u is the input for the stabilization control. The pedal driving torque by human is considered as the disturbance w. Therefore, the state space equation is shown as follow. Where, the state variable is shown as follow.
A is the state matrices, B u is the input matrices for stabilization control and B w is the input matrices for the human pedaling. The feedback gain K is obtained by the optimal control and the stabilization torque is designed as follow.
( )
Where, X des is the desired state and the feedback gain K is obtained by making the following evaluation function to be minimum.
The weights of the optimal control are ( )
Numerical simulations
The numerical simulations for the two-wheeled inverted pendulum vehicle moved by human pedaling are carried out by using the obtained equations. The parameter values of the vehicle are shown in Table 1 Figure 13 shows the angle of the pendulum, figure 14 shows the position of the truck, figure 15 shows the velocity and the desired velocity and figure 16 shows the stabilization control torque, pedal driving torque and the sum of that torques. In figure 13 , it is shown that the pendulum is stabilized with declination. At the balanced point with the pedal driving torque, the angle of the pendulum converges to the constant value. In figure 16 , it is found that the stabilization torque by the motor finally comes to 0 and the vehicle is moved by the pedal driving torque. Next, the case with varying pedaling torque is considered. Taking the reference of the bicycle driving [5] , pedaling rotation is set to 50 rpm with The results of the numerical simulation are shown in figure 17 , 18, 19 and 20. Figure 17 shows the angle of the pendulum, figure 18 shows the position of the truck, figure 19 shows the velocity and the desired velocity and figure 20 shows the stabilization control torque, pedal driving torque and the sum of that torques. In figure 17 , it is shown that the angle of the pendulum has vibration. In figure 20 , it is shown that the stabilization torque by motor has continuous variation according to the variation of the pedal driving torque. From this, it is found that the variation of the pedal driving torque becomes the disturbance to the inverted pendulum and it needs to generate the stabilization torque continuously. Therefore, considering the mechanism of the two-wheeled inverted pendulum vehicle moved by human pedaling: mechanical drive system and electric drive system, the series system that moves the vehicle by the motor with less varying torque by storing the human power in the battery is more effective than the parallel system that makes human power as main driving force and the motor as secondary. In the series system, it is possible to smooth the energy, so that it can minimize the output of the stabilization torque according to the variation of the pedal driving torque. In this study, however, the pendulum is considered as one body including a human and the vehicle and it doesn't consider the influence of the posture change of the human. The posture change of the human, the energy transmission efficiency, the maneuverability and the detail validation by the experiments are issues for the future.
EMBODIMENT
The embodiment of the two-wheeled inverted pendulum vehicle moved by human pedaling with mechanical drive system is shown. Figure 21 shows the picture of the prototype vehicle that goes forward. We confirmed that it can move forward with keeping its posture inverted position.
CONCLUSIONS
In this paper, the two-wheeled inverted pendulum vehicle moved by human pedaling was proposed as one of the forms of PMV. The mechanical drive system and the electric drive system were proposed and the validity of the mechanisms was confirmed by making the prototype vehicles. In the numerical simulations, the influence of the varying pedaling torque to the stabilization torque was shown. Using the prototype vehicle, we confirmed that the vehicle moved forward with keeping its posture inverted position. 
